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Abstract Trichinella spiralis infective larvae have externally
oriented enzymes catalysing reversible protein phosphorylation
on their surface. Incubation of larvae with exogenous ATP
resulted in phosphorylation of surface bound and released
proteins. Exposure of the parasites to bile, a treatment which
renders them infective for intestinal epithelia, resulted in
increased release of protein and an altered profile of phosphor-
ylation. Both serine/threonine and tyrosine phosphorylation and
dephosphorylation reactions took place at the parasite surface.
Examination of the structural characteristics of the larvae
following exposure to bile showed that the non-bilayer surface
coat was not shed but was structurally reorganised. ß 2000
Federation of European Biochemical Societies. Published by
Elsevier Science B.V. All rights reserved.
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1. Introduction
The nematode parasite Trichinella spiralis can infect a wide
variety of mammalian hosts. Infection is initiated when para-
sites invade the mucosa of the small intestine, where they re-
side within rows of columnar epithelial cells [1]. The mecha-
nism of cellular invasion is undetermined, although infectivity
is dependent upon activation of parasites by exposure to in-
testinal contents or bile [2]. Although the parasites exhibit a
broad host range, invasion by this stage appears to be re-
stricted to epithelial cells [2]. This selectivity may depend
upon the capacity for signal transduction processes and the
requirement of speci¢c interactions between parasites and host
cells.
Recently, we demonstrated that T. spiralis larvae secrete at
least two distinct serine/threonine protein kinases [3]. Protein
kinases could have several roles in invasion and migration of
larvae within the mucosal epithelium. Activation of signal
transduction pathways is known to be essential for internal-
isation of pathogens in host cells, and is invariably associated
with phosphorylation of cellular proteins, notably cytoskeletal
elements and components of signalling pathways such as the
mitogen-activated protein kinase cascade [4]. The vast major-
ity of this work has focused on bacteria, although there is a
growing literature on parasitic protozoa. Less is known about
externally oriented surface enzymes of pathogens, although
the potential involvement of such ecto-protein kinases and/
or phosphatases in signal reception and transduction as well
as parasite^host cell interactions in general could be of con-
siderable signi¢cance.
We report here that infective larvae of T. spiralis possess
ecto-protein kinase and phosphatase activities catalysing the
phosphorylation/dephosphorylation of secreted and mem-
brane bound parasite proteins. The enzymes are sensitive to
inhibitors of both serine/threonine and tyrosine kinases and
phosphatases. Activation of infectivity of the larvae resulted
in changes in the activity and substrate speci¢city of these
enzymes. It therefore appears that this intracellular parasite
has a complete and active reversible protein phosphorylation
system on its surface, suggestive of an involvement with host
cell signal transduction pathways.
2. Materials and methods
2.1. Parasites
Infective larvae of T. spiralis were recovered from outbred rats
2 months after oral infection as previously described [3]. In some
experiments, separate groups of parasites were immediately incubated
in either 5% bovine bile (Sigma) in phosphate-bu¡ered saline (PBS)
(pH 7.4) or PBS alone for 1 h at 37‡C. Bile was removed prior to
analysis by exhaustively washing the worms in PBS.
2.2. Assay for phosphorylation of surface bound and secreted proteins
In a standard assay, groups of 10 000 parasites were rinsed three
times with 25 mM Tricine pH 8.0, before resuspension in 90 ml of this
bu¡er containing 10 mM MgCl2 and 10 mM 1,4-dithiothreitol (DTT)
(phosphorylation bu¡er). The parasites were then preincubated for
30 min at 37‡C before the addition of 20 WCi of [Q-32P]ATP (ICN)
diluted to a volume of 10 Wl with phosphorylation bu¡er. After in-
cubation for 30 min at 37‡C with gentle agitation, secreted proteins
were recovered by collecting the phosphorylation bu¡er, rinsing the
worms twice in 200 Wl PBS and pooling the liquid samples. The para-
sites were washed twice further in PBS and their membrane bound
proteins solubilised by incubation in 0.5 ml PBS pH 7.4, 0.5% cetyl-
trimethylammonium bromide (CTAB) for 1 h at room temperature.
All proteins were precipitated in 10% TCA, washed with cold acetone,
resuspended in sample bu¡er and analysed by 12.5% SDS^PAGE
under reducing conditions. Labelled phosphoproteins were visualised
by autoradiography.
The e¡ect of protein kinase and phosphatase inhibitors on phos-
phorylation was assessed by the inclusion of these compounds in the
bu¡er in which the worms were preincubated prior to the addition
of ATP. Genistein (4P,5,7-trihydroxyiso£avone), A-3 hydrochloride
(N-(2-aminoethyl)-5-chloronaphthalene-1-sulphonamide HCl) and
staurosporine (Streptomyces sp.) were all purchased from Calbiochem.
Okadaic acid (Procentrum concavum sp.) and sodium orthovanadate
were from Sigma. The ¢nal concentrations of the inhibitors were as
follows: genistein at 50 WM, A-3 at 50 WM, staurosporine at 10 WM,
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okadaic acid at 2 WM and sodium orthovanadate at 1 mM. Inorganic
32P and [K-32P]ATP were used instead of [Q-32P]ATP as indicated. All
radionuclides were purchased from ICN. Hexokinase and apyrase
were purchased from Sigma and used at concentrations of 50 U/ml
and 100 U/ml, respectively.
2.3. Assay for release of secreted proteins
Groups of 10 000 parasites preincubated in bile or PBS as described
above were resuspended in 100 Wl 25 mM Tricine pH 8.0, 10 mM
MgCl2, in the presence or absence of 10 WM ATP. They were incu-
bated at 37‡C for 2 h and at several time points, pairs of 5 Wl aliquots
of bu¡er were removed from each tube and assayed for protein con-
tent using the BCA microplate assay (Pierce).
2.4. Electron microscopy
Freeze fracture and thin section electron microscopy was performed
as previously described [5]. Replicas and thin sections were exam-
ined using a Philips EM 301G transmission electron microscope at
100 kV.
3. Results
Incubation of live infective larvae with [Q-32P]ATP resulted
in the phosphorylation of a signi¢cant number of secreted
parasite proteins. The most prominent phosphoproteins re-
solved as doublets at 110^115 kDa, 70^80 kDa and 47^60
kDa, with additional species at 40, 36 and 29 kDa, and minor
phosphoproteins of lower molecular mass (Fig. 1, lane 1).
Incubation in the presence of genistein resulted in decreased
incorporation of 32P into most of the phosphoproteins, indi-
cative of tyrosine phosphorylation (lane 2). Inclusion of so-
dium orthovanadate in the incubation medium gave rise to a
profound increase in protein phosphorylation (lane 3). A dif-
ferential e¡ect was observed when serine/threonine kinase in-
hibitors were employed. Both staurosporine (lane 4) and the
synthetic kinase inhibitor A-3 (lane 5) had similar e¡ects.
Thus, phosphorylation of the proteins at 40 and 36 kDa
was not a¡ected, whereas labelling of proteins in the 47^60
kDa range was diminished, and phosphorylation of all other
proteins severely inhibited. Addition of okadaic acid (lane 6)
at a concentration su⁄cient to inhibit both type 1 and 2
serine/threonine phosphatases resulted in an increase of phos-
phate incorporation into the proteins in the 70^80 kDa range,
and two additional phosphoproteins at 47 and 60 kDa were
now clearly discernible. It is worth noting that phosphoryla-
tion of the 70^80 kDa doublet was enhanced by both sodium
orthovanadate and okadaic acid, suggestive of phosphoryla-
tion on both tyrosine and serine/threonine residues. Further-
more, addition of okadaic acid inhibited phosphorylation of
several proteins, notably those at 40 and 47^60 kDa, suggest-
ing a potential regulatory role for serine/threonine phospha-
tases on protein kinase activity.
Phosphorylation of extrinsic proteins was completely de-
pendent upon magnesium (Fig. 2, lanes 2 and 4). Interestingly,
in the absence of DTT, prominent phosphorylation of pro-
teins at 47 and 29 kDa alone was observed, with minor label-
ling of a few other proteins (lane 3). In order to ascertain that
the enzymes involved were indeed present at the surface of the
parasite with their catalytic sites externally oriented, we car-
ried out experiments in which [Q-32P]ATP was replaced by
[K-32P]ATP or inorganic 32P. Under these conditions, there
was complete absence of phosphate incorporation into extrin-
sic proteins (lanes 5 and 6). Furthermore, inclusion of the
ATP-utilising enzymes apyrase (lane 7) or hexokinase (lane
Fig. 1. Phosphorylation of proteins released by T. spiralis. Lane 1:
control reaction (no inhibitor). Lanes 2^6 show the e¡ects of 50 WM
genistein, 1 mM orthovanadate, 10 WM staurosporine, 50 WM A-3
and 2 WM okadaic acid, respectively. Proteins were resolved by
SDS^PAGE under reducing conditions. The Mr of marker proteins
is shown in kDa.
Fig. 2. Phosphorylation of released proteins is due to ecto-enzymes.
Lane 1: control reaction; other reactions were performed as fol-
lows: lane 2: in the absence of MgCl2 and DTT; lane 3: in the
absence of DTT; lane 4: in the absence of MgCl2 ; lane 5: phos-
phorylation reaction carried out with [K-32P]ATP; lane 5: phos-
phorylation reaction carried out with 32Pi ; lane 6: in the presence
of 100 U/ml apyrase; lane 7; in the presence of 50 U/ml hexoki-
nase.
Fig. 3. E¡ect of bile treatment on phosphorylation of released pro-
teins. (A) Untreated (lane 1) and bile-treated (lane 2) samples.
(B) Quantitative analysis of protein secreted by untreated (x) and
bile-treated (o) larvae as a function of time.
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8) inhibited protein phosphorylation, again con¢rming that
this is an extrinsic process.
Exposure of T. spiralis larvae to bile has been shown to be
necessary for activation and acquisition of infectivity [2], and
we therefore investigated whether phosphorylation of the se-
creted parasite proteins was a¡ected by this treatment. Se-
creted proteins from equal numbers of untreated (Fig. 3A,
lane 1) or treated larvae (Fig. 3A, lane 2) were collected fol-
lowing phosphorylation and examined by SDS^PAGE and
autoradiography. There was a massive increase in phosphor-
ylation of secreted proteins following bile treatment when
compared to the control samples, and it was also evident
that exposure to bile altered the pro¢le of protein phosphor-
ylation (Fig. 3A; also compare Fig. 1, lane 1 and Fig. 4, lane
1). In addition, exposure to bile resulted in a signi¢cant in-
crease in the amount of total protein secreted by larvae
(Fig. 3B).
Further experiments highlighted di¡erential e¡ects on phos-
phorylation of proteins released by the parasites following bile
treatment (Fig. 4). Genistein appeared to have an inhibitory
e¡ect on phosphorylation of proteins at 40, 38, 29 and 20
kDa, and interestingly sodium orthovanadate also appeared
to inhibit phosphorylation of the latter protein. Perhaps the
most striking e¡ect was observed with serine/threonine kinase
inhibitors. Both staurosporine and A-3 (lanes 4 and 5, respec-
tively) inhibited phosphorylation of the 60, 50, 43, 40, 38 and
22 kDa proteins, whereas A-3 alone inhibited phosphorylation
of the 29 kDa protein. Addition of okadaic acid (lane 6)
resulted in enhanced phosphorylation of all proteins except
those at 29 and 22 kDa.
To investigate whether any surface membrane bound pro-
teins were also phosphorylated under these conditions, we
extracted the surface layer of untreated and bile-treated para-
sites by incubation in CTAB. A number of membrane bound
proteins were phosphorylated in untreated larvae (Fig. 5, lane
1), and this was diminished by genistein (lane 2) and enhanced
by sodium orthovanadate (lane 3). The data therefore suggest
that tyrosine phosphorylation of surface proteins is also regu-
lated by ecto-enzymes. Enhanced phosphorylation of certain
proteins by okadaic acid (lane 6) suggested that serine/threo-
nine phosphorylation was also occurring on surface bound
proteins, although staurosporine and A-3 had a negligible
e¡ect (lanes 4 and 5). Following bile treatment, a di¡erent
pattern of phosphorylation was evident, with the major phos-
phoprotein resolving at about 45 kDa (lanes 7^12). This pro-
tein was not observed in untreated larvae (lanes 1^6) and is
therefore only available for phosphorylation following para-
site activation. The use of inhibitors clearly demonstrated that
this was e¡ected by a serine/threonine kinase (lanes 10 and
11), and that this is regulated by a corresponding phosphatase
(lane 12). The surface speci¢city of this process was further
veri¢ed by the complete lack of phosphoproteins in the re-
maining parasite carcasses (data not shown).
We have previously shown that the surface ‘accessory layer’
of T. spiralis infective larvae is composed of at least two layers
of lipids in an unusual inverted hexagonal type II con¢gura-
tion (Hex-II) [5]. We therefore carried out an ultrastructural
examination by freeze fracture and thin section electron mi-
croscopy following exposure to bile in order to investigate
whether this induced ultrastructural changes, and whether
the altered pro¢les of protein phosphorylation could be ac-
counted for by the exposure of a new surface.
Examination of the parasite by thin section electron micros-
copy highlighted no di¡erences in appearance before or after
bile treatment, and the accessory layer was present in all sam-
ples (Fig. 6B,D). However, freeze fracture analysis revealed
that the organisation of surface lipids was altered by bile
treatment in that the Hex-II con¢guration (Fig. 6A) was no
longer present, and the morphology observed resembled that
of a normal bilayer with incorporated proteins (Fig. 6C).
Therefore, under the conditions used in these experiments,
incubation of infective larvae in bile does not lead to the
exposure of a new surface, although the conformation of
the surface membrane is reorganised.
4. Discussion
We have demonstrated that infective larvae of the intracel-
lular parasitic nematode T. spiralis possess an active reversible
protein phosphorylation system on their surface. Serine/threo-
nine protein kinases, tyrosine kinases, and respective protein
phosphatases all appear to be present, and can act on secreted
and membrane bound parasite substrates (Figs. 1 and 5). The
use of inhibitors demonstrated that the enzymes involved have
signi¢cantly di¡erent substrate speci¢cities, but the identity of
the phosphorylated proteins is unknown. Indeed, although
T. spiralis infective larvae are known to secrete a complex
set of proteins, with the exception of protein kinase [3] and
nuclease [6,7] activities, little is known of their functional
properties.
It was important to establish that the protein phosphoryla-
tion observed was indeed due to the action of ecto-enzymes
Fig. 4. E¡ect of inhibitors on phosphorylation of proteins released
by bile-activated parasites. Lanes as in Fig. 1.
Fig. 5. Phosphorylation of surface membrane bound proteins by
ecto-enzymes. Untreated (lanes 1^6) or bile-treated (lanes 7^12) par-
asites. Lanes 1 and 7: control reactions (no inhibitors). Lanes 2^6
and 8^12: inhibitors assessed as in Figs. 1 and 4.
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and not due to (a) interaction of [Q-32P]ATP with extrinsic
proteins via ATP-binding sites, (b) the hydrolysis of [Q-
32P]ATP by ecto-ATPases and uptake of radiolabelled inor-
ganic phosphate (32Pi) by the parasite or (c) the direct uptake
of [Q-32P]ATP by the parasite, both leading to the phosphor-
ylation and subsequent release of intracellular proteins. The
lack of phosphorylation in the presence of [K-32P]ATP e¡ec-
tively discounts the ¢rst possibility. Protein phosphorylation
was also not observed with 32Pi, excluding the possibility of
intracellular phosphorylation events and release of labelled
proteins to the exterior. Furthermore, phosphorylation was
inhibited by exogenously added ATP-consuming enzymes,
which would not interfere with intracellular events. In addi-
tion, we observed no labelling of somatic parasite proteins
after the surface membranes had been removed with CTAB.
Thus, we conclude that the protein phosphorylation observed
is indeed due to the action of ecto-enzymes.
The altered pro¢le of protein phosphorylation induced by
exposure of parasites to bile could be interpreted as resulting
from modi¢cation of existing activities, activation of novel
enzymes or access to di¡erent substrates. This was particularly
pronounced when considering membrane bound phosphopro-
teins, as a major species at 45 kDa, clearly responsive to
serine/threonine phosphorylation, was observed only after
bile treatment. The identity of this protein is not known,
but it is reasonable to hypothesise that it may be involved
in some recognition or activation process in the enteral phase
of infection. We have recently shown that T. spiralis larvae
secrete at least two distinct serine/threonine protein kinases,
which almost exclusively phosphorylate a protein doublet at
50^55 kDa [3]. This is a distinct event from that e¡ected by
the ecto-enzymes reported here, as phosphorylation of the 50^
55 kDa doublet could not e⁄ciently be blocked by the use of
the protein kinase inhibitors utilised in the current study, and
furthermore we found no evidence for the presence of secreted
protein phosphatases [3].
It has previously been reported that prolonged exposure to
bile and trypsin induces shedding of the accessory layer of
T. spiralis larvae, and induces a change in their motility
from a coiling/uncoiling pattern to sinusoidal movement [8].
We also observed this change in motility when parasites were
treated solely with bile, but the ‘accessory layer’ was not shed.
We did however observe a complete structural reorganisation
of the surface, as the non-bilayer Hex-II con¢guration was
lost and replaced by a more traditional bilayer-like appear-
ance. We therefore conclude that bile treatment which induces
infectivity modulates the activity of the enzymes involved in
the phosphorylation process and results in the exposure of
new substrates.
Ecto-protein kinase and phosphatase activities have been
identi¢ed on a variety of cells [9,10] and a number of di¡erent
pathogenic organisms such as the intracellular parasitic pro-
tozoans Leishmania and Trypanosoma spp. The physiological
roles for these protozoal enzymes are unde¢ned, although it
Fig. 6. Freeze fracture (A and C) and thin section (B and D) electron micrographs of replicas obtained from untreated (A and B) and bile-
treated (C and D) parasites. The bar represents 150 nm. Arrowheads indicate the accessory layer, and arrows the direction of shadowing.
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has been suggested that they may be involved in invasion, cell
cycle regulation or the inhibition of various cellular processes
such as the respiratory burst [11,12]. To our knowledge, this is
the ¢rst demonstration of such ecto-enzymes on helminth par-
asites. An integral membrane protein with serine/threonine
kinase activity has been detected on the surface of the trem-
atode parasite Schistosoma mansoni, although the catalytic
domain is predicted to be cytoplasmic. As the protein is ho-
mologous to the TGFb receptor family, this protein presum-
ably acts to transduce signals by an unidenti¢ed ligand(s) [13].
Activation of signal transduction pathways necessary for
invasion of pathogens is invariably associated with protein
phosphorylation of cellular targets [4], and tyrosine kinase
inhibitors block invasin-mediated uptake of several bacterial
species [14]. In the cases of Trypanosoma cruzi and Theileria
parva, protein phosphorylation events in both the parasite and
the host cell are essential for invasion [15,16]. Bacterial patho-
gens also secrete protein kinases, and one such serine/threo-
nine-directed enzyme is encoded on a virulence plasmid in
Yersinia spp. [17], the products of which are thought to
form a multi-protein ‘attack complex’ on the bacterial surface.
The mechanism of cellular invasion by T. spiralis is un-
known, and the role of secreted or surface bound proteins
with respect to invasion and survival of the parasite in either
skeletal muscle or intestinal epithelia remains largely uninves-
tigated. Cells from ¢ve mammalian species have been shown
to be susceptible to invasion by infective larvae, re£ecting the
broad host range of the parasite. Intestinal and kidney epi-
thelial cell lines were penetrated, although ¢broblasts and my-
oblasts were resistant to invasion [1,18]. This selectivity sug-
gests the involvement of an as yet unde¢ned interaction
between parasites and cells. This may depend upon the ca-
pacity for speci¢c signal transduction processes in epithelial
cells and/or direct interactions between parasite secreted or
surface bound ecto-enzymes and host cell molecules. We are
now working to determine whether the enzyme systems iden-
ti¢ed in this communication play a role in invasion of host
epithelial cells.
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